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Systematic review -meta-analysis Coefficient of variation in biological and biomedical studies Mitochondrial replacement effects and metabolic rate -Lane Hypothesis Sample sizes and incidences -risk analysis • Discussion BACKGROUND: Mitochondrial replacement, a form of nuclear transfer, has been proposed as a germline therapy to prevent the transmission of mitochondrial diseases. Mitochondrial replacement therapy has been licensed for clinical application in the UK, and already carried out in other countries, but little is known about negative or unintended effects on the health of offspring born using this technique.
OBJECTIVE AND RATIONALE: Studies in invertebrate models have used techniques that achieve mitochondrial replacement to create offspring with novel combinations of mitochondrial and nuclear genotype. These have demonstrated that the creation of novel mitochondrial-nuclear interactions can lead to alterations in offspring characteristics, such as development rates, fertility and longevity. However, it is currently unclear whether such interactions could similarly affect the outcomes of vertebrate biomedical studies, which have sought to assess the efficacy of the replacement therapy.
SEARCH METHODS: This systematic review addresses whether the effects of mitochondrial replacement on offspring characteristics differ in magnitude between biological (conducted on invertebrate models, with an ecological or evolutionary focus) and biomedical studies (conducted on vertebrate models, with a clinical focus). Studies were selected based on a key-word search in 'Web of Science', complemented by backward searches of reviews on the topic of mitochondrial-nuclear (mito-nuclear) interactions. In total, 43 of the resulting
Introduction
Mitochondria provide most of the cell's energy, and are essential for a diverse range of other cellular and physiological processes, including (non-shivering) thermogenesis, amino acid metabolism, lipid metabolism, biosynthesis of haem and iron-sulphur clusters, calcium homoeostasis and apoptosis . Crucially, the integrity of most of these functions relies upon fine-tuned interactions between genes and gene products of the nuclear and mitochondrial genomes. The best-studied example is the precise co-ordination between mitochondrial-and nuclear-encoded subunits of the electron transport chain required to achieve uncompromised ATP conversion. Thus, mitochondrial-nuclear (hereafter, 'mito-nuclear') interactions are not only likely to have been of profound importance in facilitating the evolution of complex eukaryote life (Havird et al., 2015) , but also numerous studies have demonstrated that the genetic variation found within the mitochondrial genome of animals routinely affects the expression of key health-related traits, such as fertility, longevity and growth trajectories (Dobler et al., 2014) . The magnitude of the mitochondrial genetic effects on these traits is often moderated by the nuclear genetic background of the organism (e.g. Rand et al., 2004; Burton and Barreto, 2012; Reinhardt et al., 2013; Dobler et al., 2014; Wolff et al., 2014; Baris et al., 2017; Kullar et al., 2017; Marom et al., 2017; Morrow and Camus, 2017; Loewen and Ganetzky, 2018) . These findings also carry medical implications (Reinhardt et al., 2013; Dowling, 2014; Picard et al., 2016) because mito-nuclear interactions may play an important role in determining human health (Rand et al., 2004; Burton and Barreto, 2012; Dobler et al., 2014; Wolff et al., 2014; Marom et al., 2017; Milot et al., 2017; Morrow and Camus, 2017) . The occurrence of epistatic mito-nuclear interactions will generally mean that health effects attributable to particular mitochondrial variants (mitochondrial DNA [mtDNA] haplotypes or single-nucleotide polymorphisms in the mtDNA) may differ across different nuclear genetic backgrounds in which the variants are expressed, as has been confirmed empirically (James and Ballard, 2003; Dowling et al., 2007c Dowling et al., , 2010 Burgstaller et al., 2014; Kenney et al., 2014b; LatorrePellicer et al., 2016; Mossman et al., 2016a, b; Yamada et al., 2016; Kullar et al., 2017; Marom et al., 2017; Morrow and Camus, 2017; Loewen and Ganetzky, 2018) .
Health effects resulting from mito-nuclear interactions are particularly relevant for emergent mitochondrial replacement therapies. Here, the nuclear chromosomes (or fertilised pronuclei) from an oocyte of a female carrying a known pathogenic mtDNA mutation are translocated to an enucleated donor egg, which carries putatively healthy mtDNA, thus stopping the transmission of mitochondrial diseases (Tachibana et al., 2009; Wolf et al., 2015; Greenfield et al., 2017) . However, under simple models of mito-nuclear coevolution, mutations in mtDNA molecules will lead to selection of nuclear modifier alleles, within populations, which act to offset the negative effects associated with the mtDNA mutations (Rand et al., 2004; Dowling et al., 2008; Burton and Barreto, 2012; Sloan et al., 2017; Connallon et al., 2018) . The existence of nuclear modifier alleles means that mtDNA variants that are healthy in some nuclear backgrounds (because they are counter balanced by modifier alleles) may be unhealthy in other backgrounds where there is no modifier (Reinhardt et al., 2013; Kullar et al., 2017; Morrow and Camus, 2017) . The existence of modifier alleles would have an immediate implication for human mitochondrial replacement therapy. Ill-health of embryos might result from mitochondrial replacement if novel combinations of mito-nuclear genotype are poorly performing because a healthy donor's oocyte might not receive the appropriate nuclear modifiers required to offset one or more cryptic mutations in the donor's mtDNA genotype. The fact that phenotypic effects attributable to mito-nuclear interactions are commonly reported in the field of ecological and evolutionary genetics (Rand et al., 2004; Burton and Barreto, 2012; Reinhardt et al., 2013; Dobler et al., 2014; Wolff et al., 2014; Hill, 2016; Baris et al., 2017) suggests that the evolution of such nuclear modifier alleles might well have commonly occurred (see also Hao et al., 1999 for an experimental de novo evolution of a modifier allele).
The effects of epistasis between genes spanning mitochondrial and nuclear genomes can be quantified empirically by examining data from organisms in which genetic strains have been created that allow mitochondrial genetic variation to be partitioned from confounding effects of the nuclear genome -via techniques that we will broadly refer to as achieving mitochondrial replacement. During mitochondrial replacement, mitochondrial variants are experimentally placed alongside novel nuclear genetic backgrounds. Comparing the resulting health and fitness outcomes (phenotypes) to those of the original genetic background provides a measure of the effect of mitochondrial replacement. In animals with short generation times, mitochondrial replacement can be achieved most simply by backcrossing females of a maternal lineage to males from a distinct paternally-derived lineage over sequential generations (resulting in the replacement of about 50% of the nuclear alleles that were found in the original maternal lineage, with each successive generation of backcrossing). This approach takes advantage of maternal transmission of the mtDNA but biparental transmission of the autosomal and X chromosomes. Using this method, more than 99.99% of the nuclear genome can be exchanged within 16 generations of backcrossing (technique described in Dowling et al., 2008) . Cytogenetic tools (e.g. balancer chromosomes in Drosophila, which suppress recombination) allow mitochondrial replacement to proceed via forced chromosome substitution over a shorter number of generations, but these tools are limited to research in a few model organisms (Herman et al., 1976; Zheng et al., 1999; Greenspan, 2004) . Inter-oocyte nuclear transfer, a surgical technique where a nuclear karyoplast, or alternatively fertilised pronuclei, is implanted into an enucleated donor egg, results in near-complete mitochondrial replacement within a single generation. This technique is used in species where generation times are long, or where mitochondrial replacement can be more easily achieved because human medical technology can be applied. This method will be used to achieve mitochondrial replacement in the oocytes of female patients carrying mtDNA-mediated mitochondrial disease in humans (Hyslop et al., 2016; Greenfield et al., 2017) .
The debate as to whether mito-nuclear interactions can affect human phenotypes has proven to be controversial (e.g. Reinhardt et al., 2013; Chinnery et al., 2014; Morrow et al., 2015; Callaway, 2016; Milot et al., 2017; Rishishwar and Jordan, 2017) . Although no data exist, it has been argued that extensive population admixture and gene flow among human populations is likely to have impeded the capacity for mito-nuclear coadaptation in humans (Eyre-Walker, 2017; Rishishwar and Jordan, 2017) . Accordingly, the potential for mito-nuclear interactions to modify the health and fitness outcomes of human offspring produced by mitochondrial replacement techniques has been largely dismissed (Human Fertilisation and Embryology Authority (HFEA) third review of the safety and efficacy reportupdate 2014, http://hfeaarchive.uksouth.cloudapp.azure.com/www. hfea.gov.uk/8807.html, Greenfield et al., 2017) , albeit without a systematic analysis of the literature into mito-nuclear interaction effects. After scientific debate, the regulatory authority in the UK has now stated that any clinic carrying out the procedure should 'consider matching the haplotypes of donors with recipients where possible' (HFEA Guidance on Mitochondrial Donation, section 33.23, https:// www.hfea.gov.uk/code-of-practice/33). Recent cases outside the UK, whereby human offspring have been produced following nuclear transfer, have not taken haplotype-matching into account (Reardon, 2016; Zhang et al., 2017) . This discrepancy in guidelines, and in the application of mitochondrial replacement conducted so far, may be cause for concern if mito-nuclear interactions are relevant to humans.
During the review of evidence into the safety and efficacy of mitochondrial replacement therapies in the UK, a further discrepancy emerged between the interpretations of evidence from what we refer to here as 'biomedical' studies (studies that were conducted on vertebrates with direct biomedical applications) versus 'biological' studies (those conducted on invertebrates, usually coming from the field of evolutionary and ecological genetics). In the biomedical group of studies, most claimed that the phenotypic and health consequences of disrupting mito-nuclear interactions were negligible and likely to be irrelevant for human health (but see Nagao et al., 1998; MorenoLoshuertos et al., 2006; Burgstaller et al., 2014; Neupane et al., 2015; Yamada et al., 2016) , and therefore concluded that mitochondrial replacement was safe for clinical use (Tachibana et al., 2009 (Tachibana et al., , 2013 Craven et al., 2010; Paull et al., 2013; Wang et al., 2014; Greenfield et al., 2017) . Biological studies, conversely, generally reported that organismal phenotypes following mitochondrial replacement are routinely modified, with relatively large effect sizes and a wide range of symptoms (reviewed by Reinhardt et al., 2013; Dobler et al., 2014) . The results of the biological studies were suggested to have low inferential relevance to humans (Eyre-Walker, 2017, HFEA third review of the safety and efficacy report -update 2014, http://hfeaarchive. uksouth.cloudapp.azure.com/www.hfea.gov.uk/8807.html) because, first, studies of invertebrate models typically employed crosses between individuals exhibiting much larger levels of mitochondrial divergence than those found between human populations (an incorrect argument, see Morrow et al., 2015) and, second, that inferences came from invertebrates that are only distantly related to humans (Chinnery et al., 2014; Eyre-Walker, 2017 , HFEA third review of the safety and efficacy report -update 2014, http://hfeaarchive.uksouth. cloudapp.azure.com/www.hfea.gov.uk/8807.html). Whether effect sizes between the two study types (biological and biomedical) are indeed different has, so far, not been subject to formal analysis. Neither has there been any attempt of the standard risk analysis, to estimate the frequency by which health risks might be expected after mitochondrial replacement. Both analyses would, however, be of great value because if the effect size across each set of studies converges on similar values, this would then suggest that biological studies can be used to make reliable predictions about effects on health and fitness of human offspring produced following mitochondrial replacement therapy.
Here, we conduct a systematic meta-analysis to formally estimate the strength of mito-nuclear effects across biomedical and biological studies. We test the hypothesis that differences exist between biomedical and biological studies, with the latter showing larger effect sizes of mitochondrial replacement than the former because of the larger levels of mitochondrial divergence. We also take the opportunity to explore three extra questions. First, given that mitochondrial diseases are often associated with the late onset in adulthood, we explore the question of whether the magnitude of effects following mitochondrial replacement may possibly increase over ontogenetic development (such as from the two to the four-cell stage, or from 3-month to 6-month-old offspring and beyond), or whether there may be developmental stages that are particularly sensitive to replacement effects. Second, we ask whether certain trait types (effects on gene expression, metabolic traits or life-history traits such as adult fertility or longevity) might be particularly sensitive to the effects of mitochondrial replacement. Third, we address a novel hypothesis, which we call the 'Lane Hypothesis', which posits that species with high metabolic needs will experience stronger selection for tightly fine-tuned mito-nuclear compatibility than species with low metabolic needs (Lane, 2011) . The hypothesis predicts that species with low metabolic needs will cope more easily with electron slippage in the electron transfer chain than species with high metabolic needs (Lane, 2011) . If this hypothesis applies, then we expect smaller effects on health and fitness following mitochondrial replacement in species with low metabolic needs compared to species with high metabolic needs.
Methods

Systematic review -meta-analysis
We searched for literature containing relevant information about mitonuclear health effects in two ways. First, we performed a key-word search in July 2016 for publication titles using the internet platform 'Web of Science' for each of the following terms: mitochondria AND 'nuclear background', mitochondria AND 'compensatory epistasis', mitochondria AND compensatory, mitochondria AND penetrance, nucleo-mitochondria*, mito-nuclear, mitonuclear, mitonuclear AND epistasis, mitonuclear AND disease. Second, we did backwards searches of key reviews on the topic of mito-nuclear interactions. Overall, this search resulted in 116 publication titles. We employed several steps of quality check, resulting in 43 publications (Fig. 1) . We conducted the meta-analysis according to the PRISMA statement (Moher et al., 2009) . We found no evidence for publication bias by plotting effect-size estimates on sample size ( Supplementary  Fig. S1 ). We assigned studies (study type) to be either 'biological' when the study organisms were invertebrates, and did not have an explicit medical focus, and instead addressed fundamental hypotheses in the field of ecological, evolutionary or population genetics; or 'biomedical' when the study organisms were vertebrates and had a direct biomedical focus. The distinction was rarely difficult to make. 'Biomedical' studies shared several characteristics -they were conducted on vertebrates, and they were published in biomedical journals examining clinically relevant parameters. In contrast, no invertebrate study was ever published in a biomedical journal, and none of these used surgical inter-oocyte techniques to achieve mitochondrial replacement. For the classification of the studies included, see Table I . The extracted literature allowed us to calculate 1004 (576 biological, 428 biomedical) effect-size estimates, Hedges' g (Hedges, 1981) , based on mean values and test statistics (see below) collected from 43 studies (19 biological, 24 biomedical) (Table I, Supplementary Fig. S2 ). We only reported data for intra-specific (i.e. within-species) mito-nuclear genome combinations and did not consider the effects of any inter-specific combinations of mitochondrial and nuclear genomes between two species. We calculated the effect sizes by converting reported differences in means (and their associated SD), or the test statistics F-scores, t-scores, Chi-square-score, or log odds-ratios (Del Re, 2013) . We used statistical values stated in the studies, extracted mean ± SD values from the figures provided in the articles using the programme Datathief (Tummers, 2006) , and contacted the authors for missing statistical values when necessary.
An often overlooked aspect of studies on mito-nuclear interactions is that mito-nuclear genetic combinations that occur in natural populations do not represent a random sample of mito-nuclear combinations. Instead, these combinations are those that have presumably already been screened by, and survived, natural selection. Thus, to study the true effects of mito-nuclear interaction on health, experiments are required that create novel combinations of mito-nuclear genotypes. We were able to classify the literature accordingly and draw only effect sizes that compared naturally occurring (putatively 'matched') mito-nuclear combinations with combinations that had been experimentally engineered (via mitochondrial replacement techniques of backcrossing, forced chromosome substitution, or inter-oocyte nuclear transfer, and were thus putatively 'mismatched'). In these studies, the effect sizes directly compare the effects of mitochondrial replacement relative to the appropriate control (the putatively matched mito-nuclear combination). These effect-size estimates are thus meaningful for quantifying the relevance of mito-nuclear interaction effects of mitochondrial replacement, given that mitochondrial replacement results in an mtDNA genotype that is placed alongside a new nuclear genome.
We classified reported traits into one of four different levels (trait type) by responses of: individual genes or gene expression; metabolic traits; anatomical or morphological traits; or life-history traits such as lifespan or fecundity. The complete list of reported statistical values, additionally reported factors and calculated effect-size estimates can be found on Zenodo (http://doi.org/10.5281/zenodo.1212234). Our primary interest was in determining the strength (magnitude) of the publications. 'Not enough data' as exclusion criterion means that either the sample size was not ascertainable or the error bars in figures were not characterised (i.e. SE, SD or CI). 'Bad data quality' refers to a bad (low) resolution in figures, which did not allow us to extract accurate means and/or error-bar length.
reported effect-size estimates across biomedical and biological studies. However, the direction of these effects (i.e. whether a positive change in the effect size estimate has a positive effect on health or is favoured by natural selection) can be difficult to classify, except for a few traits (see below 'Sample sizes and incidences -risk analysis'). For example, in cases such as body weight or development time, it is rarely clear whether increased phenotypic expression has a positive or negative effect on overall organismal health and reproductive success ('Darwinian fitness'). Hence we consider any unintended phenotypic effects of mitochondrial replacement (regardless of direction) as negative because they were not the goal of the procedure. Accordingly, we employed a method previously used for similar cases where directionality of the effect size is less applicable than the magnitude of the effect (Kingsolver et al., 2012; Dobler et al., 2014) , where Gaussian parameter estimates are used to calculate a 'folded-over' distribution (Hereford et al., 2004; Morrissey and Hadfield, 2012) given by:
where E(y) is the expectation on the folded-over distribution, σ the estimated SD, μ the mean and Φ denotes the cumulative distribution function of the standard normal distribution. For all statistical analyses we used the programme R, version 3.2.2. (R Development Core Team, 2017) and the specific packages are detailed at each section. We used linear mixed models to estimate the means and variances needed to calculate the mean effect-sizes with their 95% credible intervals (CI -credible intervals are the Bayesian analogue of confidence intervals) on a folded-over distribution for each level of each factor. Such analyses depend on the estimates of specific means and variances for each factor level. Factors of interest were included as fixed effects (i.e. study type or trait type) into the model. Fitted variances (associated with the model-estimate random effect 'Publication ID' and 'residual') specific for each factor level were also included. Different data points within one specific study are unlikely to be statistically independent samples. We circumvented this issue by including 'Publication ID' as a random factor. Shared evolutionary ancestry may also produce inflated effects if closely related species are considered as independent samples (e.g. rat and mouse, or closely related Drosophila species) (Chamberlain et al., 2012) . We correct for evolutionary constraints and dependencies between different species by including the phylogenetic relationship among the investigated species into the statistical model. The estimation of group-specific variances is highly demanding of sample size, and we thus focussed on linear factor effects on effect-size estimates without any interaction terms (Dobler et al., 2014) . We can therefore not draw any conclusions about possible interaction effects between the factors study type and trait type. In order to specifically assess whether the effect-size estimates differ between studies on humans and other model organisms, we compared effect-size estimates from human studies (10 studies, 169 effect-size estimates) to effect size estimates of other studies (34 studies, 835 effectsize estimates).
We ran all models for the meta-analyses using the MCMCglmm-package (Hadfield, 2010 ) in R 3.3.2 (R Development Core Team, 2017 , where the parameter estimates were transformed to a folded distribution, as described above. We used flat priors for the fixed effects and locally uninformative parameter-expanded priors for the random effects. Both represent little prior knowledge, and ensured that all autocorrelations were in the [-0. Caenorhabditis elegans The list includes the organism used in the study, the number of effect-size estimates obtained by study type (Bio = biological: studies on invertebrate species, without explicit medical focus, Med = biomedical: studies on vertebrate species, with direct biomedical focus) and in total (ES) as well as the number of publications (Studies) used for effect-size estimation per organism. Some species were not clearly defined in the publication (i.e. Bovine, Rat, Mus spp.). Numbers of studies total 44 (not 43) because Tachibana et al. (2013) report data for two species (H. sapiens and M. mulatta).
we sampled the posterior chain of each one of the models with 510 000 iterations and a thinning interval of 500, yielding a total posterior sample of 1000. We used the 'pedigree' option of the MCMCglmm-package to include the phylogenetic structure of the collected data in our analyses. We created the phylogenetic tree of the species included in our metaanalysis with timetree (www.timetree.org) and transformed it with the R-packages ape (Popescu et al., 2012) and phytools (Revell, 2012) to meet the MCMCglmm requirements. In addition to effect-size estimates and their 95% CI we calculated and report the I 2 -values for meta-analyses.
Instead of traditional P-value based statistics we used Bayesian statistics and whenever the 95% CI of an effect-size estimate does not overlap with zero, the effect-size estimate is significant. The I 2 -values describe the amount of variation across studies in meta-analyses that is due to heterogeneity rather than chance. The R-code used for the meta-analysis is available on Zenodo (http://doi.org/10.5281/zenodo.1212234).
Finally, we used the dataset to assess how mitochondrial replacement affects survival rate over the course of ontogeny. We extracted survival data from all suitable studies (n = 7; all biomedical; n = 0 from biological), where survival data were reported for two or more developmental stages (11 development stages in total: oocyte, 1-cell stage, 2-cell stage, 8 cell stage, blastocyst, 20 days pregnancy, 60 days pregnancy, 90 days pregnancy, birth, 3 months old, 6 months old). We analysed the survival rate between ontogenetic stages as proportional change of surviving individuals between the control and the mitochondrial (mt) replacement treatment:
− + change control change mt replacement change control change mt replacement
We calculated 92 proportional changes in survival from the reported data. Negative values indicate proportionally more individuals died in the mitochondrial replacement treatment group, positive values that proportionally more individuals died in the controls. We calculated survival rate in two ways. First, we calculated the survival rate between consecutively reported development stages (sequential survival rate -from stage A to B, from B to C, from C to D, etc.) in order to see whether survival would be particularly affected at some development stages by mitochondrial replacement. Second, we calculated the survival rate relative to the first reported development stage in the analysis (absolute survival rate -from stage A to D if A was the first reported stage or from C to E if C was the first reported stage). This procedure assesses whether small, nonsignificant effects in each ontogenetic stage nevertheless add up to an overall health effect later in life. We included all 92 calculated proportional changes in survival rate for the overall graphical inspection and took the mean estimate for each stage when illustrating the survival rate for each study separately. We performed a Spearman's rank correlation to assess whether there is a correlation between the development stage (ordinal factor, difference between stages is not linear and differs between species) and the survival rate (absolute values, continuous variable).
Coefficient of variation in biological and biomedical studies
One important difference between biomedical and biological studies lies in the way that outliers are interpreted. Biological studies focus on the mean or median in a population (the evolutionarily relevant unit). Outliers are treated with caution, as they indicate that factors other than those investigated may be the cause of the extreme value of the measurement, or that the value is the result of a measurement error, which may not be traceable or reproducible. In biomedical studies, outliers are not generally neglected because eventually they represent individual patient outcomes. Necessarily, biomedical studies sometimes focus on precisely such outliers, as they are of particular relevance for risk assessments of new therapies. Thus, in the case that mean effect sizes for mitochondrial replacement and control groups were different, it is important to identify whether the difference is driven by small, consistent differences in all individuals, or by few more extreme values. In the case of mitochondrial replacement therapy, if extreme values arose in only some women, risk mitigation factors might be specifically targeted for these women.
To assess whether the effects in biological and biomedical studies differed because of many small but consistent effects, or because of large effects in a few individuals, we separately analysed the coefficient of variation for all reported data in relation to their means. We calculated the coefficient of variation for each reported trait value by dividing its SD by the respective mean. This allowed us to compare studies with different mean values, as the coefficient of variation is no longer absolute but relative. A difference caused by many small effects will have a low coefficient of variation, and one caused by few extreme cases a large coefficient of variation. We analysed the coefficient of variation between biological and biomedical studies using a Kruskal-Wallis test. We further distinguished whether the trait was measured in animals with matched or mismatched mito-nuclear genomes. We also compared the sample sizes for each reported trait to assess the accuracy of the data. Higher sample sizes and lower coefficients of variation indicate a higher accuracy for reported trait data. We considered P-values <0.05 to be statistically significant.
Mitochondrial replacement effects and metabolic rate -Lane Hypothesis
Species with high energetic needs are expected to carry well-adapted (matched) mito-nuclear genome combinations and should hence be more prone to artificial mismatches of the two genomes (Lane, 2011) . The reason this was predicted is that the strength of natural selection on key mitonuclear combinations is likely to be greater in species with higher energetic demands, given that mismatches will have greater (potentially negative) effects on the energy production and consequently on health and fitness. In species with lower energetic demands, selection is expected to be relaxed as small deviations from the optimal energy production should be less likely to confer profound effects. As a consequence, species with high energetic needs (and therefore higher basal metabolic rates -BMR) should reveal larger effect-sizes in studies investigating mito-nuclear interactions. We were able to collect data on the BMR for 13 species included in the systematic review (no data on the BMR for Caenorhabditis briggsae) (Zenodo [http:// doi.org/10.5281/zenodo.1212234]). We excluded yeast (Saccharomyces cerevisiae) from the analysis as it represented the only non-animal species. The BMR was either directly extracted as Watt per kilogram body weight [W/kg] or calculated via the oxygen consumption or carbon dioxide production per time unit. One litre of gas consumption or production was considered to be equivalent to 4.82 kcal (http://gasexchange.com/notes/ metabolism/). The transformation from kcal/min to Watt was by a factor of 69.8 (http://www.convertunits.com/from/watt/to/kcal/min) and was adjusted to the proper time unit and one kilogram of body weight. Because in vertebrates BMR scales to body mass by the power of 3/4, we obtained mass-independent BMR estimates for the vertebrate species by dividing the reported BMR by (body mass) 0.75 for each species (Kleiber, 1932; Savage et al., 2004) . We tested whether effect-size estimates increased with massindependent BMRs (Lane, 2011) . We ln-transformed the BMR values to apply a linear regression. We applied a linear regression because both the dependent variable (effect-size estimate) and the explaining variable (lntransformed BMR-values) were continuous data. Because ectothermic invertebrates may be expected to have a different effect-size/BMR relationship than endothermic vertebrates, we analysed the data with uncorrelated random slope and random intercept for biomedical and biological studies. We considered P-values <0.05 to be statistically significant. While the BMR of endothermic species should not be expected to rely heavily on the environmental temperature (at least not in the temperature range where BMRs are generally assessed), the environmental temperature can have a strong impact on the BMR measured for ectothermic species. We therefore also checked the temperature at which the reported BMR measurement was sampled. Studies in endothermic species measured the BMR at normal body temperature or did not provide the temperature. Ectotherm BMRs were assessed between 19°C and 25°C, representing the 'natural' conditions for each of the ectotherm species. While the variation in temperature across the various studies of ectothermic species may account for some of the variation in BMR measures across species in our analyses, we assume that our analysis of the BMR is nonetheless valid given the reported data points used in our analyses were always measured (and thus represent) values comparable to natural conditions in which each species would have evolved.
Sample sizes and incidences -risk analysis
A key consideration for introducing new technology to society is the risk analysis, an estimate of the likelihood of negative side effects of the technology. This standard procedure for all medical treatment can then be used to weigh the costs against the benefits of the technology. A formal risk analysis does not seem to exist for mitochondrial replacement therapy. Focusing explicitly on reproductive, health or performance indicators, where negative effects clearly indicate negative effects on overall health, we found sufficient data on performance outcomes in 19 studies. In 15 of these 19 studies (Table II) , we were able to determine whether the mitochondrial replacement effect had an unambiguously negative or positive effect on health: for example, when lifespan was reduced or extended. For this subset of data, the direction of the effect was not arbitrary and we deemed directionality (i.e. an increase or a decrease in the measured trait) of biological (or biomedical) meaning. This means the direction of the mito-nuclear interaction effect can directly be attributed to either a negative or a positive fitness or health effect for the individual. The 15 studies resulted in a total of 532 trait-by-mitochondrial-bynuclear-genome combinations (Zenodo [http://doi.org/10.5281/ zenodo.1212234]) from which 391 matched-mismatched comparisons could be made. Because of the very low sample size per mito-nuclear combination in biomedical studies (resulting in low statistical power), a direct estimation of health risks based solely on biomedical studies might lead to unreliable inferences. We, therefore, used a different approach. We estimated the incidence of negative effects of mitochondrial replacement from biological studies (which possessed larger sample sizes and higher statistical power) and then used this figure to predict an expected risk of mitochondrial replacement in a series of biomedical studies for their given sample size. To produce the most conservative risk estimate, we then assumed the unlikely case that the negative effect in the mitochondrial replacement treatment group in a given study was entirely caused by a single offspring from a single mother. This assumption is unrealistic because an effect of one outlier would not result in a statistical difference between treatment and control in the first place, but the resulting value represents the lowest possible number of negatively affected offspring.
Results
Systematic review -meta-analysis
After the stringent quality check, 43 studies (19 biological and 24 biomedical) were retained (Table I , Fig. 1 ). Of the resulting 1004 (576 biological, 428 biomedical) effect-size estimates (Table I) were significant for all four trait types, with largest effect-size estimates for metabolic traits (Table III) . There was a significant difference in effectsize estimates between metabolic traits and each of the three other trait types, and a marginally significant difference between anatomical and lifehistory traits, and traits at the gene level and life-history traits (Table III) . Over the course of ontogenetic development, there was no difference between sequential (i.e. between effect sizes of consecutively reported development stages within a study) and absolute (i.e. between a given development stage and the first reported development stage in a study) survival rates (Welch two sample t-test: t = 1.851, df = 37.564, P = 0.072). This suggests that either there is one critical developmental stage in which the effect on survival is decisive (rather than an accumulation of small effects), or alternatively, that few studies examined more than one or two developmental stages: with just seven out of 43 studies reporting data for several developmental stages (with 4.141 stages on average in these seven studies), the latter case appears to be a likely explanation, but the former cannot currently be ruled out. Plotting the survival rates on the rank-based development stage (Fig. 2) showed a significant decrease with developmental stage for the sequential (Spearman's rank correlation: ϱ = −0.521, P < 0.001, S = 203900, n = 7 studies) and the absolute (Spearman's rank correlation: ϱ = −0.631, P < 0.001, S = 155 450, n = 7 studies) approach. Within studies, survival rated decreased with progressing development in five cases and increased in one case (zero in two cases) (Supplementary Fig. S4 ).
Coefficient of variation in biological and biomedical studies
Coefficients of variation in biological and biomedical studies are based on extracted trait values from the studies. Any differences are therefore not comparing effect-size estimates, but the variance (or standard deviance) in the underlying trait measurements. The coefficient of variation for the reported traits was lower in biological studies than in biomedical studies (Kruskal-Wallis ranked sum test, χ 2 = 13.559, df = 1, P < 0. (Fig. 3) . Although 22 of these measurements were from biological studies (and only 11 from biomedical studies), biological studies had, on average, a lower coefficient of variation. The phenotypic effect of biological studies showed no significant difference in the coefficient of variation between matched and mismatched genomes (Kruskal-Wallis ranked sum test, χ 2 = 0.163, df = 1, P = 0. Although there was a significant difference in sample size for each trait measurement (F 3,964 = 32.650, P < 0.001), a post-hoc test revealed that the significant overall effect was caused by the consistent difference in sample sizes between the biological and the biomedical groups. These lower coefficients of variation and larger sample sizes indicate that biological groups achieve a more precise estimate of the trait measurement compared to the biomedical groups. (Biological: studies on invertebrate species, without explicit medical focus; Medical: studies on vertebrate species, with direct biomedical focus) and whether the mitochondrial and the nuclear genome were (Yes) or were not (No) matched Values below 1 represent data where the SD was smaller than the mean, indicating that measurements were clustered and the variance of measurements was low. Values above 1 represent data where the SD was larger than the mean, indicating non-clustered measurements and a high variance of measurements. Numbers above the boxes represent the number of reported data points (n) and the ratio indicates the amount of measurements with a coefficient of variation larger than 1. Box-plots show the median in a 25-75% quantile box. Whiskers indicate the maximal range with a 1.5-fold inter-quantile range. Points below the lower or above the upper whisker can be considered to be statistical outliers. Overlaid data in red are the mean (circle) and the SE (bars).
To conclude, mitochondrial replacement effects in biological studies appeared to be based more often on shifts of the mean caused by many small effects on measured traits (low coefficients of variation) than in biomedical studies, where large values dominated the effects (large coefficients of variation).
Mitochondrial replacement effects and metabolic rate -Lane Hypothesis
The mixed model with uncorrelated random slope and random intercept for vertebrates and invertebrates provided support for Lane's Hypothesis (Lane, 2011 ) that disrupting mito-nuclear combinations has a larger effect on organisms with higher BMR (Wald χ 2 = 3.865, P = 0.049, Fig. 4 ). The BMR of humans and bovine are relatively low compared to the other vertebrate species, and human BMR clusters together with the invertebrate species (Fig. 4) . Reducing sample size further, by analysing biological and biomedical studies in separate linear regressions (i.e. biological studies and biomedical studies only) revealed, however, no significant effects (biological: F 1,4 = 1.854, P = 0.245; biomedical: F 1,4 = 1.255, P = 0.325).
Sample sizes and incidences -risk analysis
Out of the 391 trait-by-mito-nuclear-combinations analysed (Table II) , disruption of the matched combinations led to significant negative effects in performance for 136 combinations (~35%), and to significant positive effects in 63 combinations (~16%). We make the reader aware that we only used data for the risk analyses where we could unambiguously assign negative or positive effects of mitochondrial replacement on offspring fitness. In biological studies, 83 of 188 trait-by-mito-nuclear-interaction combinations showed significant negative effects of mitochondrial replacement (i.e. 1 in 2.3 combinations, 44.2%). Assuming the extreme case that all mitochondrial replacement effects observed in a particular biological study were caused by a single maternal subject in the mitochondrial replacement treatment group, the incidence of negative mitochondrial replacement effects would fall to 1 in 20.9 (4.8%) (given the average of 9.22 maternal subjects per trait-by-mito-nuclear-interaction combination across studies: 2.3 × 9.22 = 20.9). In the even more extreme case that observed mitochondrial replacement effects were always caused by a single offspring of a single mother, the incidence would be further reduced to 1 in 448.1 (0.2%) (given the average of 21.41 offspring per mother across studies: 20.9 × 21.41 = 448.1). Biological studies measured on average 2.4 traits per study and biomedical studies 8.4. Correcting for this 3.5 higher chance to detect differences in biomedical than biological studies, suggests that negative health consequences should appear in 1 in 129.9 (0.8%) (448.1 × 2.4 ÷ 8.4 = 129.9) mito-nuclear combinations. In other words, if mitochondrial replacement in vertebrates had the same effect as it does in invertebrates, and if all differences in trait means between treatment and control group were caused by only one offspring from one mother, then at least 1 in 130 unrelated offspring (i.e. unique mitonuclear combinations) born are predicted to experience a negative risk of mitochondrial replacement. For comparison, it is assumed that 1 in 200 persons carry mtDNA mutations, but only 1 in 5000 to 10 000 adults express the disease phenotype, and this means 1 in 25-50 mutation carriers actually express the disease (calculated from Thorburn, 2004; Elliott et al., 2008) , that is, 2-4% of the mtDNA mutation carriers. The figure that 1 out of 130 unrelated offspring is at risk to experience negative effects of mitochondrial replacement can now be used Figure 4 Relationship between effect-size estimates for mitochondrial-nuclear interactions and the basal metabolic rate (ln-transformed) of animals. Effect-size estimates for mitochondrial-nuclear interactions increase with increasing basal metabolic rate (BMRs). This supports Lane's Hypothesis that species with higher energetic needs are more susceptible to mitochondrial-nuclear mismatching. BMRs for vertebrate species are mass corrected. Symbols represent species means and error bars are SEs. Dotted line represents the regression on biological and biomedical samples with uncorrelated random slope and intercept. The formula indicates the slope and intercept for the linear regression. to predict a very conservative incidence of expected negative health and fitness effects in five flagship studies (Tachibana et al., 2009 (Tachibana et al., , 2013 Craven et al., 2010; Paull et al., 2013; Wang et al., 2014) , whose results provided key support for the approval of mitochondrial replacement therapy in the UK. These studies unfortunately often do not provide exact numbers, but we estimate they examined a total of 177 offspring from 14 mothers. Assuming that the mitochondrial replacement-procedure for each maternal subject resulted in a novel mito-nuclear combination (i.e. mitochondrial haplotype matching did not even occur accidentally), we would expect these five studies to collectively find negative effects of mitochondrial replacement in 0.11 combinations (14 ÷ 129.9 = 0.11, 11%). Hence, at most one of the five flagship studies should reveal negative effects of mitochondrial replacement. However, as Morrow et al. (2015) found, three of these studies reported data that would indicate differences between mitochondrial replacement and control treatment, that is, 1 in 1.67 studies, or 1 in 59 offspring (1.7%). This number is considerably higher than that predicted from biological studies (0.2%). The approximately eight-fold increase in observed negative effects may be used to adjust our conservative estimate of incidences being based on a single offspring from a single mother. The observed effects can be explained by a single mother with eight unhealthy offspring, two mothers with four affected offspring each, four mothers with two offspring each experiencing negative effects of mitochondrial replacement, or eight mothers with one offspring each displaying detrimental effects of mitochondrial replacement.
Discussion
We report significant effects of mitochondrial replacement at several levels of organismal performance and health, including gene expression, anatomy, metabolism and life-history. Furthermore, we show a significant difference exists in effect-size estimates between biological and biomedical studies resulting from mitochondrial replacement. Effect-size estimates were larger from biomedical studies than from biological studies. Therefore, our results support the view that biological studies, on invertebrates, may conservatively inform biomedical studies designed to test specific mitochondrial replacement treatment effects. This is true even though studies of vertebrates usually use surgical inter-oocyte nuclear transfer to achieve mitochondrial replacement, whereas studies on invertebrates generally used techniques based on controlled breeding schemes (backcrossing or forced chromosome replacement). One might argue that the larger effectsize estimates in biomedical studies are likely to result from the combined effects of the surgical method per se and the effects of creating novel mito-nuclear interactions following mitochondria replacement. This contention is currently difficult to assess because of an absence of biomedical studies that have utilised experimental designs with the power that would enable one to partition out the surgical effects from the mito-nuclear effects. Such a study requires the use of a procedural ('sham' treated) control, in which the surgical technique is used to enucleate an egg of its nuclear material, and then to reconstitute the same egg with the same nuclear chromosomes of the same mother. This was recently attempted by Hyslop et al. (2016) who used mitochondrial replacement technology to create two types of human zygotes. 'Autologous' zygotes were created by first removing and then replacing the same pronuclei back into the same zygote. Autologous zygotes were thus procedural controls, and carried precisely the same mito-nuclear genotype as they did prior to the procedure. The authors also created 'heterologous' zygotes, by transferring pronuclei from one zygote to another, either from the same female, or a different female. The authors then obtained single cell gene expression profiles but did not separately examine blastocysts created from the different females in their analysis nor statistically model their data, and therefore it is still not possible to home in on the true effect size caused by mito-nuclear interactions in this study (Morrow and Ingleby, 2017) . However, Hyslop et al. (2016) did find lower rates of blastocyst formation in the heterologous zygotes than autologous zygotes, which suggests mito-nuclear interactions as prime candidates in exerting the negative effects.
To further assess the likely role of surgery per se, relative to mitonuclear interactions, in shaping the effect size following mitochondrial replacement, we were able to partition 17 effect-size estimates obtained following mitochondrial replacement using non-surgical techniques, and 31 effect-size estimates obtained following mitochondrial replacement using surgical techniques, from six studies in mice. We found no evidence for a significant difference in life-history effectsize estimates between the two methods (0.072 [−1.004-0.833]) ( Supplementary Fig. S5 ). Thus, the use of surgical versus non-surgical techniques does not seem to alter the effect sizes following mitochondrial replacement even when limiting the comparisons to studies of the same species for the same kind of trait. This strongly suggests, therefore, that the effects of surgery per se will make only a minor contribution to effect sizes generally following mitochondrial replacement, and that the large effect-size estimates observed in biomedical studies are likely to be largely attributable to mito-nuclear interactions. This result clearly challenges the view that any health effects attributable to mito-nuclear interactions in humans will be insignificant, of theoretical interest only, or lower than in model organisms (Tanaka et al., 2013; Chinnery et al., 2014; Greenfield et al., 2017) . To sum, none of the human studies in our meta-analysis used sham-treated control groups, and those non-human studies that included sham-treated control groups applied backcrossing, not surgical techniques. Future studies on humans need to include sham-treated control groups to separate unintended surgical from epistatic effects in offspring. In addition to this, it should be pointed out that we found both larger-than-predicted effect sizes in human studies, as well as larger-than-predicted incidences of negative effects in five of the studies that have been used as flagship evidence in support of progressing mitochondrial replacement therapy to the clinic (Tachibana et al., 2009 (Tachibana et al., , 2013 Craven et al., 2010; Paull et al., 2013; Wang et al., 2014) .
The strong effects of mitochondrial replacement on metabolic traits were not unexpected given that mitochondria are the main producer of energy in cells. Although effect-size estimates differed substantially among the four reported and analysed trait types, our results clearly show that mitochondrial replacement affects traits at any level from gene expression to life-history traits. Why some trait types are affected more than others need to be further investigated. One possible explanation is that some trait types are under stronger selection against mito-nuclear mismatches than others. This means that some trait types can better cope with mismatches and show, therefore, larger effect-size estimates for mitochondrial replacement effects.
We also found lower coefficients of variation in biological than biomedical studies -indicating that the conclusions of biological studies are less often biased by outliers, or effects caused by single or few unusual individuals. This suggests that biological studies might therefore be better suited to draw generalised epidemiological conclusions about mito-nuclear interaction effects following mitochondrial replacement than biomedical studies. Biomedical studies may reveal essential interaction effects for individual cases (as the general focus of medical studies are individuals) but might be less suited for use in assessing the epidemiological risks of mitochondrial replacement (see also Morrow et al., 2015) . Taking together the considerations about the effects of mitochondrial-replacement techniques and differences in the coefficients of variation between biological and biomedical studies, we can be confident that models in biological studies are indeed suitable to estimate the magnitude of health effect after mitochondrial replacement. In concert with the type of health effects after mitochondrial replacement (Reinhardt et al., 2013; Marom et al., 2017; Morrow and Camus, 2017) and the frequency of effects (see 'Sample sizes and incidences -risk analysis'), our analysis provides a quantitative understanding of the effects of mitochondrial replacement.
A potential approach suggested to reduce risk of mitochondrial replacement is haplotype matching between the prospective mother and the donor. Here we show that the original nuclear genome paired with the original mitochondrial genome is often the best performing combination. Haplotype matching would then require high similarity between the coding regions of two mitochondrial genomes (with exception of the pathogenic mutation, of course), and perhaps also for the non-coding regions, given that previous studies have shown that even single point mutations can have severe effects on the offspring fitness when coexpressed in one but not another nuclear genome (Xu et al., 2008; Clancy et al., 2011; Camus et al., 2015; Patel et al., 2016; Loewen and Ganetzky, 2018) . The alternative, to experimentally map the effects of mitochondrial haplotypes expressed in different nuclear backgrounds, would require that an impossibly large number of mito-nuclear genome combinations be tested. Whether 'the best possible' (or available) match between the mother's and the donor's haplotype could be sufficient to prevent unintended effects of mitochondrial replacement, therefore, needs further investigation -something that the fields of biology and biomedicine can both contribute to.
Our result of consistent effects of mito-nuclear interactions on the phenotype differs from a recent study by Eyre-Walker (2017) , and a recent non-systematic review (Greenfield et al., 2017) . Eyre-Walker (2017) concluded that no evidence exists for negative effects associated with mito-nuclear mismatch effects in animals, and hence no evidence for the coevolution of mitochondrial and nuclear genomes. The difference between the results and conclusions of the EyreWalker (2017) study relative to ours is likely attributable to the larger sample size in our case, and by the fact that Eyre-Walker (2017) assigned the effects on traits a directionality, and disregarded data for traits in which directionality with fitness outcomes was difficult to assign. Assigning directionality has some important consequences. First, directionality of an effect (in terms of its effect on organismal fitness) is in many cases difficult to infer, unless fertility or mortality is measured (i.e. cases where the direction and form of natural selection is known). For example, developmental rate (or time) can be harmful if too fast as well as if too slow, body weight harmful if too large or too small, and the relationship of these traits with evolutionary fitness can change across species. Eyre-Walker (2017), however, assigned fast development and large body weight to be beneficial in the context of mitochondrial replacement, even though large body weight is associated with obesity and its related comorbidities, including shortened longevity in mammals (Kiilerich et al., 2016) and fast development, would intuitively be maladaptive, for instance, in eutherians. Second, directionality becomes dubious if positive effects on one trait are outweighed by negative effects on another (e.g. Latorre-Pellicer et al., 2016) . Hence, our opinion is that the direction of the effect is not important when considering the likely health effects of mitochondrial replacement, but only the strength of the effect.
We also explored the evidence that effect sizes consistently differed in magnitude across developmental stages, or as a function of the BMR of the species under study. These analyses suffered from low sample sizes, but they do suggest that survival rates tend to decline as ontogenetic development proceeds. We encourage further empirical tests of the hypothesis that mito-nuclear interactions may exert agespecific effects throughout ontogeny. For example, Tachibana et al. (2009) presented treatment differences starting from spindle transfer to blastocyst. While not reporting any significant differences between any of the developmental stages (our 'sequential' survival rate), the overall effects accumulated and caused a significant treatment effect . Similarly, Yan et al. (2011) examined differences in treatments starting from the oocyte to 6-month post-natal survival. Although they did not find significant effects at each sequential step, the effects of the mitochondrial replacement treatment resulted in a significant decrease in survival rate over the course of ontogeny (our 'absolute' survival rate). The lack of significant differences between the different trait types in our meta-analysis (which in some respects also reflect a course over development, as different traits types emerge at different developmental stages) can be explained by the fact that most studies did not allow a direct comparison of survival rates over the course of development (only seven out of 43 studies). Our analyses of proportional changes in survival after mitochondrial replacement treatments in these seven studies revealed that effects of mitochondrial replacement can accumulate over development, and are only detectable when survival rates are compared between the initial and the last stage investigated in the study. That is, simply comparing survival between sequential steps can lead to the misleading conclusion that there is no significant effect of mitochondrial replacement.
The increase of effect sizes after mitochondrial replacement for species with higher metabolic rates is intriguing, because it suggests that species of high metabolic demand are associated with stronger selection for compatible mito-nuclear interactions, and that disruption of these compatible interactions, via mitochondrial replacement, led to greater effects on phenotypes. While this is consistent with the Lane Hypothesis, we note that information on BMR was only available for a relatively small number of species. More detailed studies with further species and with data from activity-based metabolic rates (e.g. during energetically demanding functions, such as during flight for insects) are desirable to get a complete picture of how an increase in metabolic needs across taxa may increase the magnitude of selection for precise mito-nuclear compatibility. Such studies could also reveal whether tasks requiring extremely high energetic demands across short bursts of time might be alternatively powered by energy sources other than ATP production from oxidative phosphorylation (such as glycolysis). Such alternative energy sources hence might not affect the selection of mito-nuclear interactions since they would not cause oxidative stress and damage in the system. As a consequence, support for the Lane Hypothesis may help in identifying a meaningful donor in mitochondrial replacement studies. The presence of alternative energy sources does, however, not necessarily invalidate the Lane Hypothesis.
We note that effect-size estimates from a systematic meta-analysis might be used to help predict the incidence of potentially negative effects expected once mitochondrial replacement is introduced in the clinic. A risk analysis based on the likelihood of mito-nuclear incompatibilities has not previously been attempted. We attempted a risk analysis here, based on the most conservative assumptions possible (negative effects in any one study were attributed to negative effects manifesting in one offspring of one mother). When effect sizes estimated from biological studies were applied to studies that have previously been used to support legislation for clinical application of mitochondrial replacement therapy in the UK, we estimated that around one in every 59-130 children born to mitochondrial replacement therapy might be expected to suffer negative health effects brought about by mito-nuclear interactions as a result of the procedure. For comparison, it is assumed that 1 in 200 people carries a mitochondrial mutation, but only 1 in 5000 to 10 000 adults expresses a disease phenotype. This means 1 in 25-50 mutation carriers actually express the mitochondrial disease (calculated form Thorburn, 2004; Elliott et al., 2008) . Relaxing our assumption, such that more than one offspring per mother or more mothers would be causing the treatment effect, would lead to an increasing risk estimate of negative effects of mitochondrial replacement therapy. Indeed, relaxing our conservative assumptions as described in the 'Results' section (i.e. that more than a single mother and a single offspring were affected) would lead to a match of the predicted and observed occurrence of negative effects after mitochondrial replacement. For example, if we consider on average two mothers per study each giving birth to four offspring expressing the disease phenotype, the prediction would be that about 1.6% of the offspring following mitochondrial replacement would show unintended negative effects of the treatment. A previous estimate suggesting that several hundred women in the USA and UK could benefit from mitochondrial replacement therapy implicitly assumed that mitochondrial replacement therapy has zero risk (Gorman et al., 2015) (because the majority of benefiting women and their offspring would be asymptomatic). Our study may provide useful data to refine this estimate.
Finally, we note that after the deadline of our literature search several papers were published that could not be considered in the formal meta-analysis but that show mito-nuclear epistatic effects on health such as impaired male fertility (Patel et al., 2016) and Leigh syndrome effects in D. melanogaster (Loewen and Ganetzky, 2018) , hearing loss in humans (Kullar et al., 2016 (Kullar et al., , 2017 and effects of mitochondrial replacement on blastocyst performance in humans (Hyslop et al., 2016) ; the latter study was discussed above.
In conclusion, our results indicate that offspring trait expression is routinely affected by mito-nuclear interactions in animals, and that these effects extend to, and might even be stronger in, humans. Phenotypic modification as a result of mito-nuclear interactions is therefore a distinct risk of mitochondrial replacement therapy, and should be factored into future risk assessments of the technique. Our results further strengthen the call for haplotype matching as a strategy to mitigate the risks of mitochondrial replacement therapy.
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